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ABSTRACT  A  study  has  been  made  of the  effects of calcium  ions  on  the 
number of quanta secreted from all  the  release sites at  an  amphibian  motor 
nerve terminal recorded with an intracellular microelectrode (n~) compared with 
the  number  secreted  simultaneously  from  a  small  number  of release  sites 
recorded with an extracellular microelectrode (n]~). If the endplate potential was 
made subthreshold by lowering the external calcium concentration ([Ca]o --< 0.4 
mM),  it  was  possible  to  find  small  groups  of release sites  for which  n~e was 
comparable to r~, indicating considerable nonuniformity in the probability of 
release of a  quantum at different groups of release sites (pe)  in a  given [Ca]o. 
Increasing [Ca]o in the range from 0.25 to 0.4 mM increased the probability of 
release of a  quantum at  groups of release sites (pc), independent of the initial 
value  of p,,  and  the  dependence  of p,  on  [Ca]o  followed  a  fourth  power 
relationship.  A  conditioning impulse enhanced the probability of release of a 
quantum  by a  subsequent  test impulse at  release sites, if p, was  less  than  1.0 
during  the  conditioning  impulse.  It  is  shown  that  the  present  observations 
regarding the dependence of p, on [Ca]o and on conditioning impulses can be 
quantitatively predicted from previous observations regarding the dependence 
of the binomial parameters nS, p, and n on [Ca]o and on conditioning impulses 
determined  with  intracellular  electrodes,  if the  probability  of secretion  of a 
quantum  at  a  release site  (pj)  is  different for different release sites and pj  is 
distributed as a beta random variable. 
INTRODUCTION 
It is known that  the quantal content of the endplate potential recorded with 
an intracellular electrode at vertebrate neuromuscular junctions is distributed 
as  a  binomial  variable with  parameters p  and  n  (Bennett  and  Florin,  1974, 
Miyamoto,  1975;  Wernig,  1975);  increasing  the external calcium concentra- 
tion  [Ca]o  in  the  range 0.25-0.6  mM  leads  to a  fourth-power increase  in  n~ 
(Jenkinson,  1957; Dodge and Rahamimoff,  1967) with [Ca]o, which is due to 
an increase in both binomial parameters p  and n  (Bennett et al.,  1975,  1977). 
In  previous studies,  these changes  in p  and  n  which  accompany changes  in 
[Ca]o have been interpreted according to a  scheme in which all the quantal 
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release  sites  along  the  length  of a  nerve  terminal  (Couteaux  and  Pecot- 
Dechavassine,  1970; McMahan et al.,  1972; Dreyer et al.,  1973; Heuser et al., 
1974)  have the same probability of secretion of a  quantum  during a  train  of 
impulses,  so that  binomial  parameter  p  is  this  probability  of secretion  and 
binomial  parameter  n  is  the  number  of release  sites  which  participate  in 
secretion (see the general case in the Appendix to Bennett and Fisher,  1977); 
in  this  situation  both p  and  n  increase  independently  with  [Ca]o,  and  two 
discrete  calcium-dependent  mechanisms  control  the  secretion  of quanta  at 
release sites. 
Quantal  content  may,  however,  behave  as  a  binomial  variable  under  a 
number of other conditions,  perhaps  the most interesting  of which occurs if 
the  probability of secretion of a  quantum  is  constant  during  low-frequency 
trains of impulses at a given release site, but is markedly different for different 
release  sites.  Binomial  parameter  p  is  then  no  longer  the  probability  of 
secretion  of a  quantum  but  is  a  function  of the  mean  and  variance  of the 
density distribution  for the probability of secretion of a  quantum  at a  release 
site  (p))  of the  nerve  terminal,  and  binomial  parameter  n  is  no  longer  the 
number  of release  sites  which  participate  in  secretion  (see case iiia  in  the 
Appendix to Bennett and Fisher,  1977); in this situation the changes in both 
p  and n with [Ca]o are actually due to changes in a single calcium-dependent 
mechanism  (pj) which controls secretion of quanta at each release site. In the 
present  work  we  have  studied  the  [Ca]o  dependence  of the  probability  of 
quantal  secretion  at  small  groups  of  release  sites  (pe)  with  an  external 
microelectrode and of release from all the sites (p) with an internal  microelec- 
trode to test for nonuniformity in the probability of secretion of a quantum at 
different release sites (pj) along the motor nerve terminal. The results indicate 
considerable nonuniformity  in pj, and  that  this  is the basis for the binomial 
nature of transmitter  release at vertebrate neuromuscular synapses. 
METHODS 
Preparation and Recording 
The effects of calcium ions on the secretion of quanta were studied at mature synapses 
in the toad (Bufo marinus) iliofibularis muscle. Both the muscle and its nerve supply 
were dissected free from surrounding connective tissue and tendinous insertions and 
then mounted in a Perspex organ bath of 3 ml capacity. This bath was perfused with 
a modified Krebs solution of the followin~g  composition (mM): Na  + 151, K + 4.7, Ca  2+ 
1.8, Mg  2+  1.2, CI-  142, H2PO~  1.3, SO~-  1.2, HCO~  16.3, glucose 7.8 and  gassed 
continuously with 95% 02 and  5% CO2.  The bath temperature was maintained  at 
18~  (•  I~  by means of a  temperature-control  system using  Peltier-effect ther- 
moelectric devices. The nerve was stimulated with a suction glass-capillary electrode, 
using current  pulses of 0.05-0.10 ms duration  and  1-10 V  amplitude.  Intracellular 
recordings were made of endplate potentials at superficial synapses in the iliofibularis 
muscle with glass microcapillary electrodes filled with 2 M potassium chloride of 50- 
80  M~ resistance,  while extracellular  recordings of the electrical  signs  of synaptic 
transmission were made with glass microcapillary electrodes filled with 2 M sodium 
or potassium chloride of 50-80 M~ resistance.  Although the toad iliofibularis muscle 
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than  10% of all fibers, and are only found in the centre of the muscle  (L~innergren 
and Smith,  1966).  These slow fibers were avoided in the present work by recording 
from superficial muscle fibers only. 
For those synapses at which simultaneous intracellular and extracellular recordings 
were made, focal endplate potentials (EPPs) were first recorded with an intracellular 
electrode  during  continuous  stimulation  at  0.2-1.0  Hz,  and  then  the  extracellular 
electrode was positioned in the vicinity of the intracellular electrode, near where the 
myelin sheath  of the motor axon is lost and the axon travels on the surface of the 
muscle cell (Katz and Miledi,  1965 a); the extraceilular electrode was then lifted clear 
of the surface of the muscle cell and moved parallel to the long axis of the cell for a 
distance of a  few micrometers where it was lowered again to the surface of the cell in 
order to see if the extracellular signs of evoked synaptic transmission could be observed 
over  10-20  impulses,  and  if this  was  not  the  case,  the  process was  repeated  until 
secretion of quanta from a group of release sites was observed. Signals recorded with 
both the intracellular and extracellular electrodes were led through a high impedance 
unity gain preamplifier, then amplified, and both displayed on the oscilloscope and 
photographed as well as recorded on FM magnetic tape. 
Changes in Ionic Concentrations 
The external calcium concentration [Ca]o was altered by changing the concentration 
of CaCI2  present  in  the  reservoir of Krebs supplying  the  organ  bath.  Changes  in 
[Ca]o were made by first incubating the muscle for 45 min in the lowest [Cla]o to be 
used, and then progressively increasing the CaCI2 to obtain the higher lea]o, so as to 
keep the time taken to reach a new steady state in the average quantal content of the 
EPPs to a minimum. Possible changes in the conduction of the nerve impulse, due to 
the divalent cation concentration falling below 0.7 mM (Frankenhauser and Hodgkin, 
1957), were avoided by maintaining the [Mg]o constant at 1.2 raM. It was not difficult 
to maintain the position of intracellular and extracellular electrodes for simultaneous 
recording  of focal  EPPs  and  of endplate  currents  for periods  long enough  for the 
average quantal content  of the EPP to reach a  steady state in three different  [Ca]o 
solutions. The criteria used for determining the quality of intracellular or extracellular 
observations after a steady state had been reached in a  given solution were the same 
as those used before (Bennett et al.,  1977), namely for the intracellular observations: 
a shift in the resting potential; a shift in the mean amplitude of the MEPPs collected 
at the end of exposure to the solution compared with the mean amplitude at the time 
of reaching the steady state in  average EPP  quantal  content  in  that  solution;  any 
trend in the average EPP quantal content once a steady state had been reached. The 
criteria used for extracellular observation were: any shift in the median latency of the 
first quantum released on each trial or in quantal release rates at the end of exposure 
to the solution compared with the median latency of the first quantum released and 
the quantal release rates once a steady state had been reached; any shift in the mean 
amplitude of the quanta collected at  the end of exposure to the solution  compared 
with the mean amplitude of quanta at the time of reaching a steady state in average 
quantal release and first quantal latency. 
Construction of Histograms and Determination of Statistical  Parameters 
Between  100 and 500 consecutive trials at frequencies from 0.2 to 0.5 Hz in a  given 
[Ca]o were used to construct  from the intracellular recordings amplitude-frequency 
histograms  of EPPs  and  MEPPs,  and  from  the  extracellular  recordings  both  the 
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released-frequency histograms. For intracellular observations the summed peak am- 
plitudes of synaptic potentials following an impulse were measured, and these were 
used in constructing amplitude-frequency histograms (Fig. 3), the mean and variance 
of the quantal size being determined from that of the spontaneous miniature endplate 
potentials  occurring  in  the  absence  of stimulations;  a  binomial  analysis  of  the 
amplitude-frequency histograms was then made and the predictions of this analysis 
were compared with the observed histogram (see Fig. 3).  Estimates for the binomial 
parameter p were made from p  =  1 -- (S2/my)  +  (o2/~2), where m and S 2 are the 
mean and variance of the EPP amplitudes, and y and o  are the mean and variance 
of the spontaneous EPPs; the amplitude-frequency distribution of the EPPs has been 
predicted from 
P(x)  ~  "C _r ,,-~  ---- ~-o  ~P q  ~  e-~kxkr-1 
derived by Robinson  (1976), where P(x) is the expected frequency of EPPs with the 
amplitude ofx millivolts, r(-- 0, 1, 2, ￿9  .n) is the possible ~uantal content value for the 
EPP, 1-' is the gamma function and ~k  --  2,/02 and k  =  2,~/o2; the distribution of the 
spontaneous miniature endplate potentials is assumed to follow a gamma distribution 
(Bennett et al., 1976). For extracellular observations the latency-frequency histograms 
(see Fig.  7)  were first constructed as follows: each pulse stimulus  artefact, together 
with  the  electrical  sign  of the  nerve impulse  and  any  subsequent  quantal  release 
during a period which was estimated as sufficient in a number of experiments for the 
quantal  release  rate  to  become as  low  again  as  the  spontaneous  release  rate,  was 
photographed  as  a  separate  frame  (Fig.  1);  the  interval  between  the  time of the 
negative  peak  of the  action  current  of the  extracellularly recorded spike  and  the 
beginning of the quantal endplate current (as in Fig.  1 of Katz and Miledi  1965 b) 
due to the  first, second, third,  etc.  quantum  released after the action current  was 
measured for each frame over the  100-500 trials  (see  Fig.  2 A, Barrett and Stevens 
[1972 b] for a similar procedure) and the interval-frequency histogram drawn up for 
the  intervals observed during  these trials;  for both  illustration  and  computational 
purposes,  the  latency-frequency histogram  was  taken  as  identical  to  the  interval- 
frequency histogram, that is, zero time was taken as occurring at the time of the peak 
of the  action  current  of the  spike;  a  stochastic  analysis  of the  latency-frequency 
histograms was then made according to the Method given in Bennett et al.  (1977), 
estimates made of the stochastic parameters a, 2,, and k, and the predictions compared 
with the observed histogram (see Fig. 7). 
Extracellular observations were also used to construct number of quanta released- 
frequency  histograms,  that  is,  the  number  of single,  double,  triple,  etc.,  quanta 
released  over  the  100-500  trials  in  a  given  [Ca]o.  A  binomial  analysis  of these 
histograms was then made according to the Method given in Johnson and Wernig 
(1971), estimates of the binomial  parameters at  the extracellular sites,  (pc and  n~) 
made  from pe  =  1 -  Sa/~  and  n~  =  r~/pe,  where rile and  S 2 are  the  mean  and 
variance  of the  observed  quantal  release,  and  the  predictions  compared  with  the 
observed  histogram  (Fig.  3).  For  all  three  histogram  types,  resulting  from  both 
intracellular and extracellular observations, the "goodness of fit" of the binomial or 
stochastic distribution to the observed distribution was determined by a X  2 test, and 
this  was  such  that  P  >  0.60  for 67%  of all  histograms  (total  number  300).  Some 
amplitude-frequency histograms  obtained  from  intracellular  measurements  in  this 
and previous studies  (Bennett et al.  1977)  were not well fitted by the predictions of 
binomial statistics and were therefore rejected (less than  10% of all such histograms); 
these  distributions  may  have  been  of the  kind  recently reported  by  Wernig  and BENNETT  AND  L^VIDIS  Calcium  and Acetylcholine Release  433 
Carmody (1978);  these distributions  have a  number of maxima and minima which 
they  interpret  as  due  to  intermittent  functional  failure  of portions  of the  nerve 
terminal, although in no experiment did we find evidence from extracellular recording 
of intermittent  failure  of the  action  potential  to  invade  the  region  of the  nerve 
terminal from which recordings were made (see also Katz and Miledi,  1965 a). 
Studies  on  the  facilitated  release of quanta  by successive  impulses  during  short 
high-frequency (25-100 Hz) trains were made by stimulating the nerve with trains of 
five impulses and then repeating these trains over 100 times; an interval of 20 s was 
left between  trains to avoid any effects due to potentiation.  The number of quanta 
released-frequency  histograms  were  then  constructed  (see  above)  for  the  quantal 
release for each impulse over the  100-500 trains, and comparison was made between 
the predictions of a binomial analysis and the observed release. 
Errors in the Estimation of Statistical Parameters 
The  amplitude-frequency  histograms  of  both  evoked  and  spontaneous  EPPs  are 
subject to a number of possible errors, which primarily arise from the contribution of 
the  recording  system  noise  to  the  variance  of both  the  evoked  and  spontaneous 
potentials;  an  additional  source  of error  is  the  use  of the  spontaneous  potentials 
recorded during intracellular impalements to estimate the mean and variance of the 
quanta  participating in evoked release;  the likely effects of both of these sources of 
error are discussed in Methods of Bennett et al. (1976). 
The  latency-frequency histograms and the number of quanta  released-frequency 
histograms are subject to the error in which early quantal releases tend to mask later 
quantal releases (Katz and Miledi,  1965 a; Barrett and Stevens,  1972 a) so that some 
quanta  are  missed,  leading  to,  among other  things,  an  underestimate  of me.  The 
recording  methods  used  in  the  present  work  allowed  a  distinction  to  be  made  of 
quanta separated by at  least 0.5  ms. Furthermore, most observations were made in 
low [Ca]o (_<0.35 raM) in which the probability of quantal release is so low that it is 
extremely unlikely that many quanta were missed as a consequence of near synchro- 
nous  release,  with  only  single  quantal  releases  occurring.  For  these  reasons,  it  is 
unlikely that nqe is significantly underestimated because of the difficulty of unambig- 
uously identifying the occurrence of second and third quanta. 
The  amplitude-frequency  distribution  of either  spontaneous  or  evoked  quanta 
recorded with an extracellular electrode often assumes a  skewed shape (del Castillo 
and  Katz,  1954),  possibly  because  of electrotonic  decrement  in  endplate  currents 
originating at different distances from the recording electrode, or because of variations 
in  the  size  of the  quanta  secreted  at  a  release  site  (Bornstein,  1974;  Bennett  and 
Pettigrew,  1975;  Wernig,  1976;  Wernig and Stirner,  1977).  These skewed amplitude- 
frequency distributions further contribute to the problem that early quantal releases 
tend to mask later quantal releases, mentioned above. However, amplitude-frequency 
distributions  of quanta recorded with an extraceilular electrode also assume a  more 
normal form (Fig. 2). Factors which determine whether these distributions are skewed 
or normal will be the subject of a  later report. 
It is known that pressure of the external electrode on nerve terminal release sites 
can give rise to an increase in the frequency of spontaneous MEPPs recorded with an 
intracellular  electrode  (Fatt  and  Katz,  1952)  and  may therefore  alter  the  normal 
evoked  release  of quanta  from  these  sites.  In  the  present  work,  the  extracellular 
electrode was carefully placed so as not  to increase  the  MEPP  frequency recorded 
with  either  the  intracellular  or extracellular  electrode  and  checks  against  pressure 
effects were made by comparing the mean quantal  content of the intracellular  EPP 
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sites. No significant changes in the mean quantal content of the EPP were observed 
if these precautions were  followed.  Thus  the maximum percentage change of the 
mean quantal content of the intracellular EPP recorded before and after positioning 
of the extracellular electrode was the same as the maximum percentage change of the 
mean quantal content of the intracellular EPP recorded at the beginning and end of 
an impalement in the absence of extracellular electrodes.  In both cases these percent- 
age changes could involve either decreases or increases in mean quantal content to a 
maximum of 5%. 
A final check was made of any alteration in normal evoked quantal release due to 
positioning of the extracellular electrodes  by comparing the average of all the mean 
quantal contents of the EPPs recorded by intracellular electrodes during simultaneous 
intra- and extracellular recordings in a particular [Ca]o in the present study, with the 
average  of all  the  mean  quantal  contents of the  EPPs  recorded  by  intracellular 
electrodes  during only intracellular recording in the same [Ca]o  in previous studies 
(Bennett et al., 1977). These were found to be almost identical, the respective  values 
for  simultaneous recording and  for  intracellular recording alone  in  a  number of 
different [Ca]o being as follows: [Ca]o of 0.4 mM, 3.1  •  0.2 and 3.1  •  0.1; [Ca]o of 
0.35 mM, 2.1  •  0.2 and 2.1  •  0.2; [Ca]o of 0.3 mM, 1.2  •  0.2 and  1.1  •  0.1. At 
least  15 observations were made for each determination and +  SEM is given. 
Problems arising from variations in the binomial parameters during the  100-500 
trials used to obtain estimates are discussed in detail in the Appendix to Bennett and 
Fisher  (1977). The methods employed in determining the SE of the means of the 
binomial parameters r~, p, n, ,]e, pc, n~ and the stochastic parameters a, T, and k are 
given in Robinson (1976) and Bennett et al. (1977), respectively. 
RESULTS 
The Probability of Secretion of a Quantum at Different  Nerve Terminal  Release 
Sites 
In the extracellular calcium [Ca]o range from 0.25 to 0.4 mM, motor endplates 
were recorded from focally with an intracellular microelectrode, and then an 
extracellular electrode was placed in the region where the myelinated motor 
axon  was  observed  to  terminate  under  a  high-power  (x  80)  binocular 
dissecting microscope, and this extracellular electrode was moved along the 
long axis of the muscle in search for the electrical signs of  the endplate currents 
(EPCs)  generated either by the spontaneous or evoked release of transmitter 
during nerve stimulation at 0.2-1.0 Hz (see del Castillo and Katz, 1956;  Katz 
and Miledi, 1965 b). At 0.4 mM [Ca]~ it was relatively easy to find a  region 
along  the  length  of  the  nerve  terminal  where  during  10-20  consecutive 
impulses  an  evoked  EPC  could  be  detected  (Fig.  1),  whereas  in  0.25  mM 
[Ca]o  such  evoked  EPCs  rarely occurred  and  several  endplates  had  to  be 
examined before evoked  release was  observed  during up  to  20  consecutive 
impulses. Fig. 1 shows examples of  simultaneous intracellular and extracellular 
recordings  made  at  an  endplate  in  a  [Ca]o  of 0.35  mM.  The  triphasic 
extracellularly recorded nerve impulse is observed during both evoked releases 
and failures and was always used to monitor the successful impulse invasion 
of the region of the nerve terminal recorded from. The amplitude of this nerve 
impulse was not always precisely the same from impulse to impulse (Fig.  1), 
probably because the extracellular field of the impulse is confined to a small BENN~'a"'r AND LAVIDIS Calciwn and Acetylcholine Release 
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FIGURE  1.  Simultaneous  recordings  of the  secretion  of quanta  from  all  the 
release  sites  at  an  amphibian  motor-nerve  terminal  (intracellular  electrode, 
lower  trace)  with  the  secretion  of quanta  from a  small  group of release  sites 
(extracellular electrode, upper trace). A simultaneous set of recordings is shown 
for  each  nerve  stimulation  from  1  to  10.  AC  coupling  was  used  for  both 
intracellular  and extracellular  records￿9 [Ca]o  ffi  0.35 mM. Vertical calibration, 
2..5 mV for upper trace, .5.0 mV for lower trace. 436  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY.  VOLUME  74.  1979 
distance  from  the  axon  terminal  (see Discussion),  so  that  even  very slight 
movements of the electrode lead to relatively large changes in  the recorded 
triphasic potential change. Occasional spontaneous EPCs were also observed 
and  these  were  recorded  simultaneously  with  the  intracellular  electrode, 
acting, together with the observation that no extracellular EPC occurs without 
simultaneously an EPP occurring, as a  check that the extracellular electrode 
is  recording  from  the  impaled  muscle  fiber.  Fig.  2  shows  the  amplitude- 
frequency distribution of the evoked quanta recorded from the extracellular 
site for which quantal release is illustrated in Fig.  1. 
Release  sites  in  different  [Ca]o  could  be  found  with  the  extracellular 
electrode at which quantal secretion obeyed binomial statistics and for which 
the ratio nSe/n5 reached 0.30 (Fig. 3) and in some cases even higher, indicating 
considerable nonuniformity in the probability of release at different sites along 
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FIGURE 2.  Amplitude-frequency distribution of the evoked quanta recorded at 
an extracellular site. Some of the evoked quanta which compose this distribution 
are illustrated in Fig.  1. 
the  length  of the  terminal;  simultaneous  intracellular and  extracellular re- 
cordings were made during 28 different experiments in this way, and the n~e/ 
nS-frequency histogram of Fig. 4 indicates the distribution of this ratio ranges 
from less than 0.1 to up to 0.5. The relative frequency of the lower hie/n5 values 
(< 0.1) is an underestimate, as only about 20 consecutive impulses were used 
to  test  for secretion at  different electrode positions  along the length of the 
nerve terminal;  this number of impulses was arrived at as a  compromise, in 
order to maximize the number ofextracellular samples taken from an endplate 
during  a  stable  intracellular  recording.  In  order  to  obtain  a  quantitative 
description  of the  variation  of r~e above  values  of 0.1  along  the  length  of 
terminals in  different [Ca]o,  extracellular sites with  values of r~e above 0.1 
were examined and Fig.  5 shows the great variation in the average quantal 
content at different groups of release sites at amphibian motor nerve terminals. BENNETT AND  LAVlDIS  Calcium and Acetylcholine Release 
300  F-n~  0.27  60  "0"77 
0"25 mM 
200  I]  40  -..- 
o  ,  ;  6 
-  ~= 1.13 
~.)  ~  0.30 mM 
5o  IIj  '~ I 
~)  0  ~  0 m'r  t  ~  I  I 
0  1  2  3  4  0  1  2  3  4  5  6 
-~  75  601  ~" 3"79 
25  20 
0  0  1  2  3  4  0  2  4  6  8  10  12 
Number  of Quanta  Amplitude  (mV) 
437 
FIaURE  3.  Comparison  of the  frequency-distributions  for  quantal  secretion 
recorded simultaneously with an extracellular  electrode  (left  hand panels)  and 
an intracellular electrode (right hand panels), at the three different [Ca]o levels 
indicated  in  millimolar;  in  each  case  the  average  quantal  content  for  the 
extracellular recording (n~)  and for the simultaneous intracellular recording (r~) 
are shown.  Filled  bars in the histograms are  for the number of zero, one, two, 
three, and four quanta observed with the extracellular  electrode, whereas open 
bars  are  the  theoretical  predictions  from  a  binomial  analysis  (see  Methods) 
according to which for r~e  =  0.27  4-  0.03, pc  =  0.16  4-  0.04, and n~  =  1.73  4- 
0.07;  for r~e  =  0.40  4-  0.02, p~  =  0.20  4-  0.08, and n~  =  1.98:1:0.76 whereas 
for r~  =  1.13  4-  0.06, pe  --  0.30  •  0.04, and n~  =  3.80  4-  0.09.  Continuous 
lines for the amplitude-frequency distributions  of the EPPs give the theoretical 
predictions from a  binomial analysis according to which for n5  =  0.77  +  0.02, 
p  =  0.38  +  0.04, and n  --  2.0  +  0.30, for r~  =  1.13  4-  0.08, p  =  0.50  •  0.06, 
and n  =  2.27  4-  0.28 whereas  for r~  =  3.79  +  0.04, p  =  0.76  •  0.08, and n 
=  4.95  4-  0.30; the arrows give the predicted numbers of failures. Between  100 
and 250 impulses were used in each series of trials; frequency 0.5 Hz. Note that 
r~/n5 is -0.3 in each case; that is, the extracellular electrode records about 30% 
of the total secretion from the nerve terminal. 
The Effect of Changes in [Ca]o  on the Probability of Secretion of a  Quantum at 
Nerve Terminal Release Sites 
Increasing  [Ca]o  in  the  range  0.25-0.4  mM  increased  the  average  quantal 
content r~e recorded at groups of release sites, and in general  this increase was 438  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  ￿9  VOLUME  74  ￿9  1979 
due to both an  increase  in p~ and  n~,  as in 0.25  mM  [Ca]o, only failures or 
single quantal  releases were observed (Fig. 3), whereas in higher [Ca]o double 
releases or even  higher  releases were sometimes observed (Fig.  1)  indicating 
that ne had increased from  1 to a  higher integer (Fig. 3). 
If the [Ca]o was increased dur:,ag simultaneous  intracellular  and extracel- 
lular recording from a group of release sites with a quantal content well above 
average,  then  both  the  intracellularly  and  extracellularly  recorded  quantal 
contents  n~  and  n~e  increased  with  the  fourth  power of [Ca]o,  in  the  [Ca]o 
range from 0.25 to 0.4 mM (Fig. 6 A and B); the increase in n5 with [Ca]o was 
accompanied  by a  much  smaller  increase  in p  with  [Ca]o  (Fig.  6  A)  as  has 
been observed before (Bennett et al.,  1975,  1977), whereas the increase in r~ 
with  [Ca]o was accompanied  by a  comparable change  in p~  (Fig.  6  B). It  is 
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FX6URE 4.  The ratio of the mean quantal content of secretion recorded with 
an extracellular electrode (me) to that recorded simultaneously with an intracel- 
lular electrode (r~) at  28 different motor nerve terminals.  Results determined 
from observations as in Fig.  1 which were analyzed as in Fig.  3. Note that  the 
ratio r~e/n~ extended up as high as 0.5 in a few cases. 
shown  in  Theory  that  these  results  are  to  be  expected  if there  are  large 
differences in the probability of secretion of quanta  at  different release sites, 
in which case pe is approximately the probability of secretion of a quantum at 
only a  few release sites and is very [Ca]o dependent, whereas p is a  function of 
both the average probability of secretion at all release sites and  the variance 
of this  probability  so  that  the  fractional  increase  of p  with  an  increase  in 
[Ca]o  is  much  less  than  the  fractional  increase  in  pe  with  an  increase  in 
[Ca]o. 
During changes in [Ca]o at some extracellular  recording sites, the increase 
in quantal content n~ which accompanied an increase in [Ca]o over the range 
0.25-0.4 mM did not involve an  increase in n~;  that  is, the increase in [Ca]o 
was  accompanied  by  an  increase  in  the  proportion  of single  releases  over BENnE'r"r  AND  LAVIDIS.  Calcium  and Acetylcholine Release  439 
failures, in such a  way that n~ was equal  to  1.0 in each different [Ca]o even 
though  substantial  increases  in  r~  occurred.  In  this  case pe  increases  with 
[Ca]o in the same way as does nqe (Fig. 6  C), and as is shown in Theory (see 
Eq. 4), it is likely that quantal secretion is from a single release site, so that the 
0.25ram 
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FIGUaE 5.  The  frequency-distribution of the mean quantal content  (n~e) re- 
corded at different extracellular sites for which nqe  --  pc; that is, the binomial 
parameter ne was 1.0. Each estimate was made during 100-200 impulses in the 
different  [Ca]o  indicated.  The  relative  frequencies  for pe  ~  0.10  were  not 
determined because of the sampling problems mentioned in the text; the hatched 
bar indicates p~ ~  0.10.  The relative frequency of the large ~  values increases 
with an increase in [Ca]o. It is argued in the Theory that if p~  ffi r~, then the 
recording is from a single release site with probability ps, so ps -- pe -- r~. The 
curves of fit to the histograms are drawn according to the probability density 
for the ps,  namely f(P.i),  (see  Eq.  5 in Theory), in which the tails of the f(p/) 
distribution (see Fig.  10)  have been fitted to the appropriate frequency distri- 
butions by setting the value off(pi) at ps ffi 0.15 equal to that for the number 
of observations in the 0.1-0.2 bin; the remaining bin heights are then reasonably 
predicted by the f(Pi)  curves for each [Ca]o. 
probability of secretion of a  quantum pe is the probability of release from a 
single site, Pi. If this occurs, then r~e  ffi pe  --  ps must approach  1.0 as [Ca]o is 
increased.  The  observed  changes  in  these  parameters  with  an  increase  in 
[Ca]o (Fig. 6 C), could not be predicted by an equation of the form, 
r~e  ffi  p.  =  pj  ffi  A{[Ca]o/([Ca]o  +  K)} 4, 440  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY- VOLUME  74.  1979 
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without A taking on values much greater than 1.0, so that pj approaches about 
20 as [Ca]o is increased. This equation has been used to describe the changes 
in n~ recorded with an intracellular electrode with changes in  [Ca]o  (Dodge 
and  Rahamimoff,  1967;  Bennett  et  al.,  1975,  1977),  and  it  suggests  that 
calcium ions must bind to four independent receptors at a  release site before 
a  quantum  is released. However, the changes in n%, pe and ps with [Ca]o at 
these sites were well predicted (Fig. 6 C) by an equation of the form, 
~e  =  Pe  =  Pi  =  [Ca]o4/(KJ  +  [Ca]o4), 
which  suggests  that  calcium  ions  must  bind  to  a  number  of interacting 
receptors  at  a  release  site,  the  binding  of a  calcium  ion  to  one  receptor 
facilitating  the  binding  of calcium  ions  to  the  remaining  receptors  in  a 
cooperative manner, with at least four receptors being involved (see Koshland, 
1970). BENNETr  AND  LAVIDIS  Calcium  and Acetylcholine Release  441 
For extracellular recordings at which ne  --  1, the frequency distribution of 
the probabilities of secretion of a  quantum pe changed in different [Ca]o (Fig. 
5). At low [Ca]o of 0.25 raM, only very few extracellular recordings revealed 
ape greater than 0.1  (Fig. 5 A), whereas at higher [Ca]o the frequency of high 
pe  values  increased  until  at  [Ca]o of 0.4  mM, some pe values  near  1.0 were 
observed  (Fig. 5 D). 
The Effect of a Conditioning Impulse on the Probability of Secretion of a Quantum 
by a Test Impulse at Nerve Terminal Release Sites 
The effect of a conditioning impulse on the secretion of quanta by a subsequent 
test impulse was determined simultaneously for both a small number of release 
sites  and  the  entire  nerve  terminal.  The  extracellular  electrode  could  be 
positioned at sites for which n, remained equal to  1 during the facilitation of 
the test release in different [Ca]o, so that the facilitation in the test response 
was solely due to an increase in p, (Fig. 7). If the frequency histogram for the 
latencies of the quanta evoked at release sites is determined for both condi- 
tioning and  test  impulses  (Fig.  7),  no  change  is  observed  in  the  minimum 
synaptic  delay  (defined  as  in  Katz  and  Miledi,  1965  b)  of about  600  #s 
between the two impulses (compare Fig. 7 A with B and Fig. 7 C  with D), the 
sole effect of facilitation being to enhance the number of quanta secreted at 
times shortly after the minimum synaptic delay (Fig.  7; compare with Fig. 4 
in Barrett  and Stevens,  1972  b). The time-course of decline in facilitation of 
tile and p,, where facilitation is defined as 
fr~  =  (.m~' ~-~rn%~ or fpe  _~  (Pe' :  Peo  ~ 
\  m%  /  \  Peo  /' 
FIGURE 6 (Opposite).  Dependence of the binomial parameters describing secre- 
tion of quanta on [Ca]o in the range 0.25-0.40  raM. The effect of changing 
[Ca]o in a  [Mg]o of 1.2 mM on the quantal content of secretion (r~) recorded 
with an intracellular electrode and on p and n, as well as on the quantal content 
of secretion (nSe) recorded with an extracellular electrode and on p, and ne are 
shown in A and B, respectively, on log-log co-ordinates. (C)  n~e,  p,, and n, are 
shown for four different extracellular sites in different [Ca]o, for which n~, -- p, 
so that n  --  1.0. Least-square regression lines to the data are shown in each of 
the graphs in A and B, whereas in C  the lines are drawn according to pe  -~ pj 
=  [Ca]o4/(Kj +  [Ca]o  4)  (see  Eq.  15  in Theory)  in which K/had the values: 
(￿9  0.008,  (')  0.026;  (0) 0.04; and (F'I) 0.07.  (A) Each point is the mean of a 
binomial parameter determined at between 7 and  15 synapses; if the standard 
error of the mean of a  parameter determined at a  synapse was >15%  of the 
mean value it was not included; the standard error of the mean of the points 
shown was always less than 15% of the mean; the gradients for r~, p, and n are 
3.8,  1.2,  and  2.6,  respectively.  (B)  Each  point  is  the  mean  of a  binomial 
parameter determined at  10 sites belonging to  10 different synapses, the [Ca]o 
being changed from 0.3 to 0.4 mM at each of these sites; the standard error of 
the mean of each point shown is -25% of the mean because of differences in the 
value of r~ in the same [Ca]o at different sites (see Fig. 6); the gradients for n~, 
p~,  and ne are  3.8,  3.3,  and 0.5,  respectively. (C)  Each point  is  the binomial 
parameter recorded at a single site (see text). All the binomial parameters were 
determined from at least  100 trials. 442  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  ￿9  VOLUME  74  ￿9  1979 
the subscript 0 referring to the conditioning impulse release and the subscript 
1 to the test impulse release, was exponential with a  time constant of about 40 
ms (Fig. 8). The time-course of decline of the facilitation of r~, measured with 
an intracellular electrode, is also exponential with a  time constant of about 40 
ms (Balnave and Gage,  1977; Bennett and Fisher,  1977), although there is no 
change  in p  during  a  conditioning-test  sequence  of impulses  (Bennett  and 
Fisher,  1977), indicating that, although the probability of secretion at release 
sites  (pj.)  increases  during facilitation, the  variance of the  distribution  of pj 
changes in such a  way that fp  =  0  (see Theory). 
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FIGURE  7.  Changes in the latency-frequency distribution of quanta secreted 
by a test impulse following 10 ms after a conditioning impulse. Two condition- 
ing-test sequences are shown for two different [Ca]o at the same extraceUular 
release sites, namely A and B in 0.3 mM and C and D in 0.35 mM. The latency- 
frequency  distribution  of evoked  quanta  were  determined  at  18~  during 
continual stimulation at 0.5 Hz. During secretion in both [Ca]o, n~, =  p,, that 
is, ne was 1.0. The curves drawn through the distributions are according to the 
stochastic analysis in Bennett et al. 1977 (their Eqs. 3 and 8) in which ~, =  pe, 
i  1  a, y, and k were respectively in (A) 0.155,  1.56 ms- , 1.07 ms- , 3.6; in (B) 0.381, 
1.12 ms  -1, 0.45 ms  -1,  2.9;  in  (C)  0.411,  1.52 ms  -1,  1.12 ms  -t,  1.62; and in (D) 
0.788, 2.66 ms  -1, 0.26 ms  -1, 2.5. The abscissa is the time after the negative peak 
of the triphasic electrical sign of the nerve impulse. As rne =  pc, so ne  =  1.0; at 
most one quantum was released following either the conditioning or test impulse, 
so that the latency-frequency distribution for only one quantum is shown. The 
results in A and C are without conditioning impulses. 
According to the definition of facilitation given above, release sites which 
have a  high r~e or pe value during a conditioning impulse can only show small 
increases in rne orpe during a subsequent test impulse, so that fr~ orfp~ will be 
different between release sites depending on the conditioning r~e or Pe value. 
In order to avoid this difficulty the value of Kj in the equation for pj above BESNETr AND  LAVIDI8  Colciuol andAcetylcholine  Release  443 
was determined for both conditioning (Kj0) and test (Kh) impulse releases so 
as to obtain fK  i  --  (Kjo -  Ki~)/Ki~ for different test-conditioning intervals, as 
shown in Fig. 8. fKi, as anticipated, was much larger thanfifie andfpe at short 
intervals. 
Facilitation was also observed during short high-frequency trains of  impulses 
in [Ca]o of 0.3 raM, at release sites for which n~ remained equal to  1 for the 
quantal  releases  by  each  impulse  in  the  train  (Fig.  9).  Both fr~  and fp~ 
increased together during the train, but not as much asfKj, which continues 
to increase by about the same amount after the first few impulses irrespective 
of the value of pe during the impulses (Fig. 9). Thus, if the saturation effects 
in the determination offr~ orfp~ discussed above are avoided by determining 
fKj, then the membrane events which control Kj, and hence pj, at release sites 
facilitate markedly throughout a short high-frequency train of impulses. 
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FIOURE 8.  The effect of a  conditioning impulse on  quantal  secretion by a 
subsequent test impulse at the intervals shown, recorded with an extracellular 
electrode in a [Ca]o of 0.3 raM. The changes in fr~e (￿9  (0)  andfKj ([-I), 
each defined in the text, are shown. Each point is the mean -4- 1 SE of the mean 
of results from at least nine extracellular recordings at nine different synapses, 
at each of which fr~e and fpe were determined by applying a binomial analysis 
to  the results of at  least  100  test-conditioning pairs of impulses;  facilitation 
during each of these extracellular recordings did not involve any change in n, 
which was 1.0, so that n%  =  p~ and thereforefr~ =  fp; in this case Kj (see Eq. 
15 in Theory) can be determined and hence fKp Note that fKj is significantly 
greater thanf~, orfp~ at short intervals (for explanation see text). 
THEORY 
The Binomial  Description of the Secretion of Quanta at Nerve Terminals and the 
Probability of Secretion at Individual Release Sites 
The  binomial  parameters  determined  from  the  mean and  variance of the 
quantal  secretion  ("the  variance  method")  have  been  used  in  Results  to 
quantitatively describe quantal transmitter secretion from all the release sites 
of a  motor nerve terminal  (p and n) as well as from small groups of release 
sites  (pc and  ne).  The  problem  arises  as  to  the  relationship  between  these 444  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  ￿9  VOLUME  74  ￿9  1979 
binomial parameters determined by the variance method and the probability 
of secretion at individual release sites (pj). As mentioned in the Introduction, 
if the probability of secretion at individual release sites (pj) is the same for all 
release sites of the motor-nerve terminal, then p  =- pj and n is the number of 
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FIGURE 9.  Changes  in  the  quantal  secretion  recorded  with  an  extracellular 
electrode  during  a  short  (five-impulse)  high-frequency  train  (50  Hz)  in  a 
[Ca]o of 0.3  mM.  The changes  in f~e, fp,,  and fKj  (defined in  the text)  are 
shown for each of the impulses in the train. Each point is the mean  +  l  SE of 
the mean of results from six extracellular recordings at six different synapses, at 
each of which f~, and fp, were determined by applying a  binomial analysis to 
the successive results of at  least  100  trains.  Facilitation during each of these 
extracellular recordings did not involve any change in ne which was 1.0, so that 
r~e  =  pe and thereforef~, --- fp, and it is likely that only one release site (with 
probability Pi) was participating in secretion (see Eq. 4 in Theory); in this case 
Kj can be determined (see Eq.  15 in Theory) and hencefKj. Note that fi~, and 
fp,  do not change as much as fKj during successive impulses, because of the 
saturation off~ and fp for synapses with r~e and p, close to 1.0, an effect which 
does not apply tofKj. 
release sites which participate in secretion; however, in Results we have shown 
that the probability of secretion is different for different release sites, so that 
other interpretations ofp and n must be considered. The Appendix to Bennett 
and Fisher (1977)  gives the interpretations ofp and n when quantal secretion BENNETT AND  LAVIDIS  Calr  and Acetylcholine Release  445 
is  a  binomial  variable and  the probability of secretion varies between sites 
(case iii a):  if during a  series of impulse trials each release site can secrete at 
most one quantum, and the probability of secretion of a  quantum at theflh 
release site (pj; j  ffi  1 to N)  is different for each of the N  release sites from 
which  the  electrode can  record  secretion  (N being  large  for  intracellular 
recordings  but  small  for extracellular recordings)  but  is  constant  for each 
release site over all trials, then 
Er~  ffi  N/7 =  ~  pj  Es  2 =  N/7(1  -/7)  -  No2p  (1) 
/7 ---- ~  pj/N  029  -=  Y. (pj -  f)2/(N-  1)  (2) 
in which r~ and s  2 are as usual the mean and variance of the observed quantal 
secretion,/7 is  the average pj  over the N  release sites  from which  the elec- 
trode can  record secretion and o 2  is  the variance of the pj  about/7.  If the 
probability of secretion does not vary between release sites, a 2  ffi 0 and (Eq. 
1) becomes 
Er~  =  N/T ffi  np and Es 2  ffi  N/7 (I  -/7)  ffi  np(l  -  p),  (3) 
so that p  is the probability of secretion at a release site and can be determined 
by  the  variance  method and  N  =  n  is  the  number of release  sites  which 
participate in secretion. 
If o29 is not zero, then p  is no longer the probability of secretion at a release 
site, but is related to the mean (/7) and variance (~) of the probability density 
of the secretion at  a  release site  (pj)  over the N  release sites recorded from 
according to (from Eqs.  1 and 3), 
P  =/7 +  =  x  X py"  (4) 
If during  an  extracellular  recording  (small  N),  p  which  is  determined 
by the variance method is equal to the mean of the quantal secretion (i.e., p 
ffi  nS), then it  follows from Eqs.  1 and 4  that  Y. p2/~  pj  .=  ~  pj.  The only 
condition under which this occurs is ifn ffi N  =  1, that is, only one release site 
(say pl)  is  contributing to  secretion over the trials;  this  condition was  met 
during the collection of results illustrated in Figs. 5-9. 
If the form of the density distribution of the pj's over all the release sites of 
the motor-nerve terminal is known, then determination of n~ and ofp by the 
variance method for intracellular recording of secretion from all  the motor- 
nerve  terminal  release  sites  (large  N)  allows  estimates  of the  mean  and 
variance of the density distribution to be made from Eqs.  1 and 6. The most 
general density distribution the pj's could take is a  beta density distribution, 
which can assume a great variety of different shapes, and is of the form 
f(PJ)  P(a  +  ~8)  =  rarB  P"-I(I  -  pj)p-1,  (5) 
which has mean and variance such that 
/7 ----- a/(ot  +  ~8) and o29  =  aB/(a  +  /~)2(a  +  B  +  1),  (6) 446  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  ￿9  VOLUME  74  ￿9  1979 
(7) 
and 
or  alternatively,  a  and  fl  can  be  determined  as  functions  of p  and  r~/N 
according to Eqs.  7 and 8 as 
a  =  ~  (1 -- p)  p  -  =  n~ (1 -  p)/(Np  -  t~),  (9) 
and 
Now the values of r~ and p  in [Ca]o between 0.25 and 0.6 mM are known 
(see Fig. 6 A  in  the present work and  Figs.  3 and  4  in  Bennett  et al.,  1977), 
and over this range of [Ca]o, r~ is about two orders of magnitude smaller than 
Nso that a  and fl in Eqs. 9 and  10 can be very well approximated by: 
r~ 
,~  ffi -~-~. (1  -p)  (10 
2vp 
B  =  (1  -  p)ff;  (12) 
furthermore,  as r~ is so small compared with N  for [Ca]o ~  0.6 mM (see Fig. 
4  in  Bennett  et al.,  1977),  a  is very small  compared  with fl and  the density 
distribution  for pj- given by Eq. 5 becomes 
f(pj)  -- apj-t(1  --p.i)a -1, 
and inserting  Eqs.  11  and  12 into Eq.  13 gives 
1[  0 -  2p)]. 
f(pj)  ---- ~  n(l  -- p)py-'(1  -- pj)  P  J 
03) 
(14) 
Thus, N, the number of release sites, is simply a scaling factor forf(pj) and as 
p  and n are known over the [Ca]o range  from 0.25 to 0.6 mM,  the determi- 
nation  of the density-distribution  of py over the release sites of a  terminal  in 
different [Ca]o is possible, using either the full Eq. 5 or the approximate Eqs. 
13 and  14 and these distributions are shown in Fig.  10. Estimates can be made 
from  Fig.  10 of the likely number of release sites which possess any given pj 
value in a  particular [Ca]o from consideration of the appropriate areas under 
the curves or directly by integration  of Eqs.  5  or  13. Thus,  for [Ca]o of 0.4 
mM, the area under the curve for pj ~-- 0.4 is 2.5 so about three release sites are 
estimated  to  have pj ~_ 0.4;  as  an  external  electrode records secretion  from 
so that  from Eqs. 4 and 6 
p=(a+  1)/(~+/~+  1), 
and from Eqs.  1 and 6 
n~ 
=  ~/(,~  +  (8) BENNE'rr AND LAVIDIS  Calcium  and Acetylcholine Release  447 
about 1/~0 of a  1,000-#m-long terminal (see Discussion), then if the pj values are 
distributed at random along the length of the terminal, an external electrode 
has about a  1 in  10 chance of recording a pj >-- 0.4 in a  [Ca]~ of 0.4 mM  (see 
Fig. 5). 
The  question  now arises  as  to  whether the  assumption  of a  beta  density 
distribution for the probability of secretion of a  quantum at different release 
sites  (pj)  can  be  independently checked  by  direct  measurement  of the  fre- 
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FIGURE 10.  The density-distributionsf(pj) of the probability of secretion of a 
quantum  at release sites  (pj)  at a  motor nerve terminal with N  release sites, 
based  on  the  assumption  that  pj  is  a  beta  variable.  The  curves  are  drawn 
according to Eq. 13 in the Theory for the different [Ca]o in millimolar indicated; 
a  and ,8  had  values determined by those of r~ and p  (see  Eqs.  11  and  12  in 
Theory) in different [Ca]o, which are given in Fig. 5 A in the present work and 
in Figs. 3 and 4 of Bennett et al. (1977), namely for Na, ,8, ~, and p, respectively: 
[Ca]o 0.3  raM, 2.1,  2.6,  0.8, and 0.28;  [Ca]o 0.4 raM, 3.9,  1.5, 2.6,  and 0.40; 
[Ca]o 0.6 raM, 8,  1.1, 7.3, and 0.50; [Ca]o 0.7 raM, 8, 0.68,  11, and 0.60; [Ca]o 
1.0 raM,  11, 0.44, 22, and 0.70.  Note that the fraction of release sites with pj 
1.0 increases with an increase in [Ca]o. As each curve is a  density-distribution 
the area under each of the curves must be the same; this does not appear to be 
the case in this figure as the points of intersection of the curves with the ordinate 
are not shown on the scale used. 
quency distribution of'the pj in a  given [Ca]o with an extracellular electrode. 
Unfortunately, as shown in Fig. 5, only the tails of the frequency distribution 
of the pj  can  be  determined,  as  many  release  sites  with pj  _  0.1  are  not 
included due to the method used in locating release sites mentioned in Results. 
Although the beta density distribution for pj gave a  good fit to the tails for the 
frequency distribution ofthepj, this is not a sensitive measure of the correctness 
of using a  beta density distribution, so an alternative method was sought. 448  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY ￿9 VOLUME  74  ￿9  1979 
According to Results, the pj are altered by [Ca]o according to the equation 
Pi  =  [Ca]o4/(Ki  +  [Ca]o4),  (l 5) 
in which Kj is a constant for a given release site (see Fig. 6 C). This relationship, 
together with Eq. 5, allows the density distribution of the Kj over the release 
sites of a  nerve  terminal,  namely g(Kj),  to be  determined according to the 
relationship, 
g(K2)  = f(PJ)  dKj  (16) 
=  F  (a  +  ~) [Ca]o4+,,(Kj)l~_l([Ca]o4 +  Kj)_(~+~I, 
FaFB 
and as a  <<  1.0 in [Ca]o <  1.0 mM, then 
a[Ca]o  4 
g(Ky) ~- (Ky +  [Ca]o4) ~ (K/)~-t'  (17) 
and as a  and fl in a  given [Ca]o can be determined from Eqs.  11 and  12, this 
allows the density distribution  of the Kj to be determined from Eq.  17  and 
comparison to be made with the frequency distribution of the K/determined 
from the observed pj in a  given [Ca]o and Eq.  15, as is shown in Fig.  11. The 
advantage of this approach is that, because of the relationship between pj and 
Kj (Eq.  15), instead of having the tails of a  distribution as for the py (Fig. 5), 
the  beginning of a  distribution  is obtained  for the  Kj  (Fig.  11),  allowing a 
much more accurate comparison between the frequency distribution of the K/ 
and the theoretical distribution. Fig.  11 shows that the shape of the frequency 
distribution  for the Ky determined with an  extracellular  electrode was well 
predicted by the theoretical distribution  given by Eq.  17, the parameters  (a 
and fl) of which were determined from measurements (namely of n~, p, and n) 
made with an  intracellular electrode.  It  is likely then that  the  beta  density 
distribution  (Fig.  10)  gives at least a  reasonable approximation to the distri- 
bution of the probability of secretion of a  quantum over the release sites of a 
motor nerve terminal. 
According to Eq.  15, the value of p/in a particular [Ca]o is characterized by 
a  constant  Kj  at  the  site,  and  as  this  equation  gave  a  good  fit  to  the 
experimental results  (Fig. 6  C)  then Kj is independent of [Ca]o.  If this is so, 
and p/is a beta variable, then the density distribution of the Kj, namely g(K/) 
given by Eq.  17 must be independent of [Ca]o. This was approximately the 
case, the distribution given in Fig.  11 changing only by  4"  15% in the [Ca]o 
range  for which  accurate  values  of r~, p,  and  n  and  therefore  a  and  fl  are 
known, namely from 0.3 to 0.6 mM. 
A  further check on the possibility that the Pi are distributed according to a 
beta density distribution  is possible by comparing the changes in the distri- 
bution of the Kj which occur during facilitation, as determined from estimates 
of the  changes  in  n~, p,  and  n  and  therefore a  and fl  with  an  intracellular 
electrode  (see  Eq.  17),  with  observed  changes  in  Ky  during  facilitation  as BENNETT  AND  LAVIDIS  Calcium  and Acetylcholine Release  449 
determined  from  the  estimates  of the  changes  in pj  with  an  extracellular 
electrode (see Eq.  15). The changes in n~, p, and n for quantal release by a test 
impulse following 10 ms after release by a  conditioning impulse were deter- 
mined, allowing the determination of the distribution ofg(Kj)  for the condi- 
tioning and the test impulse as shown in Fig.  12;  these gave good fits to the 
frequency  distribution  of the  Kj  measured  directly  with  an  extracellular 
electrode at 56 release sites for which r~e -  pc, over the range for the frequency- 
distribution of the Kj which could be measured (compare Fig.  12 A with B). 
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FmURE 11.  Comparison between the frequency distribution of the Kj (see Eq. 
15 in Theory) determined from 70 extracellular recordings at synaptic release 
sites in which n,  =  1.0 (i.e., r~, = p,  ~- pj)  and the theoretical curve predicted 
from  the  probability density function for the  Kj;  see  Eq.  17  in  Theory for 
g(Kj). The Kj were determined from extracellular observations on the synapses 
of  10  different preparations  in  [Ca]o  from  0.3  to  0.4  mM.  The  a  and  fl 
parameters for g(Kj) were determined from the values of~ and p in [Ca]o of 0.4 
mM given in Fig. 6 A (or Fig. 3 in Bennett et al.,  1977), namely 2.6 and 0.40, 
respectively. The g(Kj) distribution has been fitted to the frequency distribution 
by setting the value of g(Kj)  at Kj  ~  0.02 equal to that for the number of 
observations in the 0,01-0.03  bin; the remaining bin heights are then reasonably 
predicted by the g(Kj) curve. If the a and fl parameters in g(Kj) are determined 
from the values of nq and p in [Ca]o of 0.3 or 0.6 mM (given in Fig. 6 A of the 
present work and in Figs. 3 and 4 of Bennett et al., 1977), namely 0.8 and 0.28 
or 7.3 and 0.5, respectively,  there was less than  + 15% change in the predicted 
g(Kj) curve shown. The pj were determined from estimates made during at least 
100 impulses at 0.5 Hz. 
DISCUSSION 
Nonuniformity in the Probability of Secretion of a Quantum at Different Release 
Sites 
The nonuniformity in the probability of secretion of a  quantum at different 
release sites provides an explanation for why binomial rather than  Poisson 
statistics describe the evoked secretion of quanta from motor nerve terminals 
in  low  [Cla]o  (Bennett  and  Florin,  1974;  Bennett  et  al.,  1975,  1977):  the 450  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY- VOLUME  74.  1979 
unexpectedly small  variance  of the  evoked  release  (r~)  in  low  [Ca]o  occurs 
because  relatively few release sites have sufficiently high  probability for the 
secretion of a  quantum  (pj), there being a  beta distribution of the pj over the 
nerve terminal release sites  (see Theory). In order to obtain some idea of the 
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FmURE  12.  Changes in the distribution of the K/(see Eq. 15 in Theory) during 
facilitation of quantal  secretion by a  test  impulse  (B)  following 10 ms after a 
conditioning impulse (A). The frequency distribution of the Kj for the test and 
conditioning  secretion  were  determined  from  56  extracellular  recordings  at 
synaptic release sites for which ne =  1.0 (i.e., nqe =  p~  == pj) and the theoretical 
curves predicted from the probability-density function for the Kj (see Eq.  17 in 
Theory). The Kj were determined from extracellular observations on the synapses 
in  eight  different  preparations  in  [Ca]o  from  0.3  to  0.4  mM.  The  a  and 
parameters for g(Kj) were determined from the values of r~ and p in [Ca]o of 0.4 
mM for the test and conditioning impulses given in Fig. 2 of Bennett and Fisher 
(1977), namely 2.6 and 0.40 as well as 5.12 and 0.40, respectively. (A) The g(Kj) 
density-distribution has been fitted to the frequency distribution by setting the 
value ofg(Kj)  at K/  =  0.0125 equal to that  for the number of observations in 
the 0-0.025 bin; the remaining bin heights are then reasonably predicted by the 
g(Kj) curve. (B) The predictions of the g(Ki) curve are determined by the test 
values of a  and fl as well as by the same scaling factor used in  (A)  to fit that 
g(Kj) curve.  The pj  were  determined  for  each  extracellular  recording  from 
estimates made during at least  100 conditioning-test pairs. Note that the size of 
the 0-0.025 bin in (B) is well predicted by the theoretical curve, with other bins 
falling below the predicted level because of the technical difficulty of obtaining 
the tail of the g(Ky) distribution in A, mentioned in the text. 
extent of this nonuniformity in the probability of quantal secretion in a  given 
[Ca]o, it is necessary to know the proportion of a  nerve terminal's release sites 
from  which  an  external  electrode records  quantal  secretion  for comparison 
with the proportion nSe/r~. A  number of estimates of the length of motor nerve BESNETT AND LAVlDIS Calcium and Acetylcholine Release  451 
terminal over which the secretion of quanta can be recorded with an extra- 
cellular electrode have been made using two extracellular electrodes to simul- 
taneously record spontaneous potentials  (del Castillo and Katz,  1956;  Katz 
and  Miledi,  1965  a;  Wernig,  1976)  giving  an  estimate  of  15  btm  for  this 
distance on  either side of the  recording electrode, that  is,  a  total  terminal 
length  of about  30  ~m.  The  total  length  of the  motor  nerve  terminal  at 
amphibian motor endplates ranges between about  170 and 2,000 ~m, depend- 
ing on muscle fiber diameter, with a  mean size of about  1,000 btm (see Fig. 2 
in Kuno et al.,  1971;  Bennett and Pettigrew,  1975).  As in the present study, 
the endplates on the larger diameter muscle fibers were selected for study, and 
the length of the motor nerve terminal is  proportional  to  the muscle fiber 
diameter (Kuno et al.,  1971), it is likely that most of the synapses studied had 
a  total  motor  nerve terminal  length  of at  least  1,000  ~tm. In  this  case  the 
external electrode records from about 0.03 of the terminal length, so that the 
ratio me/rn should be about 0.03 if all release sites had the same probability of 
secretion of a  quantum, and not reach values like 0.30  found in the present 
work. 
The  question  arises  as  to  whether in  the present  experiments recordings 
were made simultaneously from release sites distributed across the transverse 
plane of the muscle fiber (that is, from different branches of the endplate, see 
Fig.  1 in Kuno et al.,  1971), as well as from release sites distributed along the 
axis of the muscle fiber  (i.e., along the length of the motor nerve terminal 
branch from the point of recording). If two external electrodes record both the 
triphasic signs of the presynaptic action potential as well as endplate currents 
of the same amplitude, that is, they are located at the same site, and if one of 
these is  moved transversely across the surface of the muscle fiber, then this 
electrode  fails  to  record  the  presynaptic  action  potential  at  about  5  /am 
separations;  at  about  10  /~m  separation  the  electrode  fails  to  record  the 
endplate currents recorded by the fixed electrode (Katz and Miledi,  1965  a; 
Bennett  and  Lavidisl).  The  extracellular  field  of  the  presynaptic  action 
potential is therefore more confined than that of the synaptic potential, and 
this  probably explains  why the former is  more difficult to  detect  than  the 
latter. As branches of the motor nerve terminal running parallel to each other 
and  to  the long axis of the muscle fiber are displaced  from each other by 
distances of the order of l0 #m  (Kuno et al.,  1971),  simultaneous recording 
from release sites on two adjacent branches was avoided in the present work 
by always positioning the electrode so as to obtain a  maximum size triphasic 
presynaptic potential  (see Methods and Fig.  1).  In this way the electrode is 
positioned immediately next to a  terminal branch. 
Del Castillo and Katz (1956) observed the ratio nqe/r~ to vary between 0.01 
and 0.1 in five separate determinations of the ratio at the frog neuromuscular 
junction in a  [Ca]o of 0.9 mM and a  [Mg]o of 4 mM. According to Eq.  12 in 
Bennett et al. (1977), the value ofr~ in these ionic concentrations is equivalent 
to that in a [Ca]o of about 0.5 mM and a  [Mg]o of 1.2 mM. The distribution 
of the probability of secretion at release sites (Pi) for these ion concentrations 
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is intermediate between the 0.4 and 0.6 mM curves given in Fig.  10. According 
to this  distribution,  if a  terminal  possesses N  release sites, then  only eight of 
them will have a py >  0. I. If the external electrode is positioned immediately 
next  to  a  terminal  branch,  then  according  to  the  argument  above,  it  will 
record secretion  from about  l/a0 of a  1,000-/zm-long terminal;  if the pj values 
are distributed at random along the length of the terminal,  the electrode will 
then have only about a  one in four chance of recording a pj >  0.1  in a  [Ca]o 
of 0.9 mM  and  a  [Mg]o of 4  mM.  This  may explain  why del  Castillo  and 
Katz  (1956)  failed to observe any pj >  0. l  in their five external  recordings. 
Effect of [Ca]o on the Probability of Secretion of a Quantum at Release Sites 
The quantitative  description of the increase in the probability of secretion at 
release sites (pj) with [Ca]o was only possible using an expression which may 
be interpreted as showing that  at least four calcium receptors at a  release site 
must be occupied by calcium ions in order for the secretion of a  quantum  to 
occur,  and  that  the  binding  of a  calcium  ion  to one  receptor  increases  the 
efficacy of binding of calcium ions to the remaining receptors in a cooperative 
manner.  In  this  case  the  value  of the  power  relationship  between pj  and 
[Ca]o is determined by a  combination of the number of receptor sites on the 
molecule which binds the Ca ++ and the strength of the cooperative interaction 
between the receptor sites (see Koshland,  1970). However, the average quantal 
content  of the  EPP  (r~) measured  with  an  intracellular  electrode  increases 
with [Ca]o at the amphibian  motor endplate in a  way that can be quantita- 
tively described in terms of a  mechanism  in which each of four independent 
calcium receptors located at a  release site must be occupied by a  calcium ion 
before that site can secrete a quantum of transmitter  (Jenkinson,  1957; Dodge 
and Rahamimoff,  1967;  Bennett et al.,  1975,  1977). This kind of dependence 
of r~  (and  binomial  parameter p)  on [Ca]o is  to be expected  (see Theory)  if 
there is a  beta density distribution  for the p/over the nerve terminal  release 
sites, and if the p/increases with [Ca]o according to a  cooperative scheme. If 
the present  interpretation  of the relationship  between quantal  secretion and 
[Ca]o at release sites in terms of a cooperative action of Ca ++ in the secretory 
process is correct,  it  remains  to be determined  at  what  step this cooperative 
action  occurs between the arrival  of a  nerve  impulse  and  the secretion of a 
quantum. 
The  possibility  exists  that  each  release  site  can  secrete  more  than  one 
quantum  in  response  to  a  nerve  impulse.  It  has  been  noted  before that  if 
[Ca]o is  increased  to very high  levels at  either  preganglionic  or motor nerve 
terminals so that there is very little further increase in r~ with a further increase 
in [Ca]o, then n~ has a  value of the same order as the number of release sites 
which  the  nerve  terminals  possess  (see  Discussions  in  Bennett  et  al.,  1976, 
1977), where a  release site is defined morphologically as in the Introduction; 
this result  suggests that  a  release site can secrete at  most one quantum  after 
the passage of an impulse.  However, it is known that  if electrotonic pulses of 
longer duration  than the nerve impulse are used to initiate quantal  secretion 
in high [Ca]o, the nerve impulse having been blocked with tetrodotoxin, then 
the  secretion  of quanta  is  so  great  that  there  must  be  more  than  a  single BENNeTr  AND  LAVIDIS  Calcium and Acetyleholine Release  453 
quantal  secretion per release site  (Katz  and  Miledi,  1977).  Thus,  sufficient 
time may be available for more than one secretory event at a release site if an 
electrotonic  pulse  is  made  sufficiently long  in  comparison  with  the  nerve 
impulse. 
The secretion of quanta at preganglionic nerve terminals increases with an 
increase in [Ca]o in such a way that both ~  and binomial parameter p increase 
in low [Ca]o with about the first power of [Ca]o, while r~ is about four times 
larger  than p  (see  Fig.  I  in  Bennett  et  al.,  1976).  This  is  the  result  to  be 
expected if there is  very little difference in  the probability of secretion of a 
quantum between the I0 or so release sites (Elfvin, 1963) which a mammalian 
preganglionic nerve terminal possesses,  in  a  given [Ca]o.  If this  is  the case 
then binomial parameter p  gives a  measure of this probability of release, and 
as it is linearly related to [Ca]o there is no evidence for a  cooperative action 
of Ca  ++ in the release of quanta from preganglionic release sites. 
Effect of Trains of Impulses on the Probability of Secretion of a Quantum at Release 
Sites 
The facilitated increase in the probability of secretion of a quantum at release 
sites  (pj)  observed during a  short high-frequency train of impulses could be 
attributed simply to changes in Kj (see Eq.  15),  the facilitated change in Kj 
being the same at release sites which possessed different values of K/for the 
first impulse in the train;  this observation (see Theory and Fig.  12)  explains 
why  the  facilitation  of  the  entire  quantal  secretion  from  a  motor  nerve 
terminal  (n~) during a  short  high-frequency train of impulses involves little 
change in binomial parameter p; that is, the variance of the release increases 
by  the  same  proportional  amount  as  does  the  mean  during  facilitation 
(Bennett et al., 1975; Bennett and Fisher, 1977). This facilitation of transmitter 
secretion has been interpreted in terms of an hypothesis in which the secretion 
of quanta is dependent on the formation of Ca receptor complexes at release 
sites, an accumulation of residual Ca receptor complexes occurring at  these 
sites during trains of impulses (Katz and Miledi,  1968;  Bennett and Fisher, 
1977).  It has recently been claimed that a  conditioning impulse can enhance 
the inward calcium current which accompanies a  subsequent test impulse in 
invertebrate neurons  (Heyer and  Lux,  1976;  see  however, Stinnakre,  1977, 
and  Akaike et  al.,  1977).  The  increase in  light  emission  from the calcium- 
activated photoprotein aequorin in these neurones which accompanies a short 
high-frequency train of impulses (Stinnakre and Tauc, 1973;  Stinnakre, 1977) 
is consistent with these observations on the calcium currents. The decrease in 
Kj which occurs during facilitation  at  all  release sites,  and  the observation 
that the percentage decrease in Kj is the same at all sites independent of the 
initial value of Kj, may be interpreted in the context of the observations on a 
facilitating calcium current: release sites have different numbers of potential- 
dependent calcium channels, this number being a  factor determining the Kj 
and  therefore  the pj  of a  release  site;  facilitation  then  involves  a  similar 
percentage increase in the number of open calcium channels at each release 
site, and therefore a similar percentage decrease in the Kj at each site. 
It is interesting to note that  if r~ is reduced below  1.0 by using a  [Ca]o of 454  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  ￿9 VOLUME  74  ￿9  1979 
0.25  raM, then facilitation  is due to an increase in binomial parameter p  (see 
Fig.  I  in Bennett  and  Fisher,  1977),  in a  similar way to the  facilitation ofr~, 
being due to an increase in pe. This probably occurs because in a  [Ca]o of 0.25 
mM  there  is  generally  only  one  release  site  which  participates  in  secretion 
over 100 or so trials (see Figs. 6 and  10), so that the secretion observed with an 
intracellular electrode is equivalent  to that  with an extracellular electrode at 
the  release  site  which  is  making  the  main  contribution  to  secretion.  It  is 
therefore possible that  the clumping of evoked potentials with similar ampli- 
tude and the periodic oscillations in secretion observed by Meiri and Raham- 
imoff (1978)  in  [Ca]o of 0.2  mM  are phenomena  localized  to a  single release 
site,  and  support  the  explanation  for short  intervals  separating spontaneous 
potentials of like amplitude (Bennett and Pettigrew,  1975) as due to a transient 
increase  in  the  probability  of  secretion  at  a  single  release  site  which  is 
characterized  by spontaneous  potentials of a  given size. 
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